(COD) removed with the summation of oxygen uptake and the COD of the cells produced yielded average recoveries closer to 100% than any of the other three methods tested. The standard COD test was shown to yield highly reproducible values when used to determine the COD of activated sludge. Although the protein and carbohydrate content of the cells varied with cell age, a concomitant variation in cell COD was not noted.
The partition of exogenous substrate between synthesis and respiration is an important aspect of process selection and design in the biological treatment of waste waters. Prediction of the amount of excess sludge produced in the treatment process is necessary for the design of sludgehandling facilities; a knowledge of the proportion of substrate oxidized is important in determining the minimal air requirement for the process.
In some cases, the partition of substrate has been estimated simply by measuring oxygen utilization and chemical oxygen demand (COD) removal; the amount of COD not accounted for as oxygen uptake is assumed to be channelled into sludge synthesis. Such an estimate assumes (i) that there is a simple partition of substrate between respiration and synthesis, (ii) that the techniques employed are sufficiently accurate to measure such partition, and (iii) that no gross errors have been made in analysis or in calculation. None of these assumptions is sufficiently unreasonable to invalidate the use of such approaches in pilot-plant studies. However, in research concerned primarily with delineation of the basic relationships between respiration and synthesis during wastewater treatment, some means of checking the above assumptions is necessary. This may be done through calculation of a materials or an energy balance, either of which requires independent measurements of substrate removal, oxidation of substrate, and conversion of substrate to cellular material.
Either a direct carbon balance or use of radioactive tracers would provide accurate data for computing substrate recovery. However, neither method is entirely applicable to the determination of substrate partition in waste-water studies. Carbon determinations cannot be converted directly to sludge mass or even to oxygen requirements without making assumptions as to the carbon content of the sludge mass and the ratio of CO2 production to oxygen utilization. In addition, the carbon balance requires specialized equipment not often found in water pollution laboratories, and it is extremely time-consuming. Radioactive tracer techniques would be applicable in studies of synthetic wastes of known composition, but could not be applied to whole wastes. Excluding carbon analysis and radioactive tracer techniques, there would appear to be four methods for estimating substrate recovery which utilize analytical procedures commonly employed in water pollution control research. All four methods necessarily involve measurement of the three parameters listed above, and differ primarily in the techniques employed for making these measurements or for converting the material measured to common units. The removal of substrate is commonly measured as the decrease in COD of the waste water. There are several advantages in using the COD measurement rather than the biochemical oxygen demand (BOD) or specific substrate tests. The COD is a nonspecific test which can be used for wastes of either known or unknown composition. It is preferable even for measurement of known substrates in synthetic wastes since, with few exceptions, it detects the presence of intermediates in the system and therefore approaches an accurate measurement of all substrate not completely oxidized or incorporated into cell material more nearly than is possible with assays for specific carbon sources. The excretion by the cells of partially oxidized intermediates would not affect the calculation of substrate utilization, since the COD these compounds exert would be reduced in proportion to the amount of biological oxidation (oxygen uptake) required to produce them. The BOD measurement cannot be used for calculation of substrate recovery balances because the substrate, in the BOD test, is also partitioned between respiration and synthesis.
Oxidation of substrate is commonly measured as oxygen uptake in a Warburg respirometer. Several methods are CHE-MICAL OXYGEN DEMAND VALUES OF CELLS available for the measurement of the amount of substrate utilized for production of cell material. The variations of these techniques which may be combined to provide four methods of obtaining a substrate balance are described below. Each method was used to calculate the substrate balances herein presented.
Materials balance, weight calculation. Gaudy and Engelbrecht (1960) presented data and a materials balance based upon conversion of all measurements to weight of substrate. With synthetic wastes containing single known carbon sources, both COD and oxygen-uptake measurements could be converted to equivalent weights of substrate. A direct conversion of substrate mass to cell mass was assumed, and substrate utilized for cell synthesis was therefore measured as increase in dry weight of cells. This type of balance could not be used for wastes of unknown composition.
Materials balance, carbon calculation. If it is assumed that the carbon content of the sludge mass remains constant throughout the substrate removal period, a miiaterials balance may be based upon an average carbon content of cell mass. The average carbon content of bacterial cells is usually taken as 50 % (Luria, 1960) . The empirical formula for activated sludge, C5H7NO2, developed by Hoover and Porges (1952) , yields a carbon content of 53.1 %. Other investigators have presented slightly different formulas (Symons and McKinney, 1958) . Based upon their survey of the literature, Servize and Bogan (1963) selected an average carbon content for activated sludge of 51 %. This figure is herein employed. The increase in sludge mass can be converted to an equivalent amount of substrate carbon, and a materials balance can then be computed by comparing the amount of substrate carbon removed during any time period with the amount of substrate carbon channelled into synthesis and the amount of substrate carbon oxidized (assuming that CO2 produced can be calculated from 02 uptake).
Since the COD value must be converted to substrate carbon, this method is applicable only to studies using known carbon sources. This method is simply an approximation of an actual carbon balance and involves the same assumptions as to carbon content and CO2 to 02 ratio. However, since the balance calculations are secondary to calculations of oxygen requirement and sludge production, this method, in which the primary data are those which are of greatest interest, is preferable to a carbon analysis in which these data would be derived.
Both methods of calculating a materials balance are applicable only to wastes of known composition. The only generally applicable type of substrate balance would therefore appear to be one based on the partition of substrate energy.
Energy balance based on empirical formula for composition of activated sludge. In a formal discussion of the weight method for the materials balance described above, McKinney (1960) suggested assuming a common value for organic sludge solids COD for use in calculating an energy balance. Grady and Busch (1963) recently employed this approach for studies involving cell recovery techniques in a "total biochemical oxygen demand test." The COD value of the cells was calculated as 1.414 times the cell weight, based on the amount of oxygen theoretically required to completely oxidize material of the formula C5H7NO2. The balance could then be calculated by comparing the reduction in COD of the waste at any time with the sum of the measured oxygen uptake and the COD of the cells computed from the measured weight.
It would seem preferable to use a more direct analytical approach rather than to employ a general empirical formula for sludge or to assume an average sludge solids COD.
Energy balance based on measurement of cell COD. In previous work (Gaudy and Engelbrecht, 1960) , it had been noted that both nonproliferating and growing cells could remove substrate at approximately the same rate with approximately the same increase in solids. However, there was a considerable difference in the composition of the sludge produced. For example, with glucose, almost all of the increase in weight under nonproliferating conditions could be attributed to carbohydrate synthesis, whereas under growth conditions equal increases in weight were noted, but the increase was almost totally attributable to protein synthesis. Thus, if the sludge composition could be so drastically variable, so, too, might be the empirical formula for sludge. Also, as a result of variable chemical composition, the chemical oxygen demand of the cellular material might be highly variable. In addition, such factors as cell age might be expected to change cell composition, or the chemical nature of the substrate could affect cell composition (Herbert, 1961) . All of these factors could tend to alter the elemental composition of the biological mass and its oxygen equivalent, thereby negating the validity of using an oxygen equivalent based upon a general empirical formula. However, if individual experimental values of cell COD could be employed, a rapid and general method of assessing substrate recovery under any operational conditions would ensue without the need to make a general assumption concerning the elemental composition or COD of the sludge mass.
In our recent studies, a direct analytical approach to providing a check on experimental techniques has been investigated and found to be highly satisfactory. (American Public Health Association, 1960) , run on the membrane filtrate, was used for determination of total organic matter remaining in the miedium. The COD test was also used for measuring the COD of the cell mass. The protein and carbohydrate contents of the cells were determined by the biuret and anthrone methods, respectively, as previously reported (Gaudy, 1962; Gaudy, Gaudy, and Komolrit, 1963a (Gaudy et al., 1963a A second series of experiments was run with the standard 2-hr reflux time in which sludge concentration was varied from 200 to 1,000 mg per liter. For any specific sludge, the mg of COD per mg of dry solids remained constant. In all subsequent experimentation for which cell COD was determined, the biological solids concentration fell within these limits. Furthermore, as a continuing check on cell COD values, each time the cell COD was determined three different concentrations were refluxed. Therefore, all cell COD values herein reported represent the average of three separate determinations on three cell concentrations. It should be noted that cell COD values obtained in this way were identical for all three concentrations. From the results of the reflux time and cell concentration experiments, it is not possible to say that the cells were totally oxidized. However, these experiments provided assurance that the 2-hr reflux period was sufficient to oxidize that portion of the cells which could be oxidized by dichromate, and that the COD value obtained was highly reproducible.
Changes in system parameters during substrate removal by activated sludges. Figure 1 shows the typical response pattern during removal of glucose by a young heterogeneous population. The optimal sampling times were located by following growth in the system by means of optical density (not shown in the figure) . It is seen that cell COD parallels solids production, and that the point of maximal cell production corresponds to the point of maximal COD removal. It is also seen that glucose, as nmeasured by the anthrone test, was removed from the system more rapidly than was the total substrate COD. As with many other experiments in our laboratory employing young cells, this finding indicates that a fairly substantial portion of the original substrate can appear in the medium as metabolic intermediates, which can be oxidized by dichromate under the conditions of the standard COD test but are not responsive to the anthrone test. It is also seen that most of the rise in solids concentration is attributable to protein synthesis.
A total of 11 experiments like the one shown in Fig. 1 Cell age also has no consistent effect upon cell COD. For glucose-grown cells, there appears to be a tendency toward higher COD values in younger cells, but the data are not sufficient to support a conclusion that COD varies with cell age. For sorbitol-grown cells, the average COD is quite constant regardless of cell age.
The major conclusion to be drawn from these data is that use of an average value for cell COD may introduce considerable error in balance calculations. This is shown in the variation from the mean calculated for maximal VOL. 12) 1964 and minimal values obtained for each run. With only these variations in the COD value for a single batch of cells during a cycle of substrate removal, the maximal range of variation from the mean was +413.3% for glucose-grown cells (Table 2) and -7.6 to + 13.6% for sorbitol-grown cells (Table 3) . If an overall average COD value for all samples of cells grown on the same substrate is calculated and the variation from the mean computed, the possible error involved in using an average COD value can be shown to be even greater. The overall average COD for glucose-grown cells is 1.37 mg of COD per mg of dry weight, with a variation from the mean of +24 to -20 %. For sorbitol-grown cells, the overall average value is 1.31, with a range of +14.5 to -6.9%.
Since it had been shown in previous work that the protein and carbohydrate contents of cells could vary over wide ranges, it was of interest to determine whether the variation in either of these cell components could be correlated with variations in the COD of the cells. Therefore, during each experiment, protein and carbohydrate analyses were made for samples of cells taken at the beginning and end of the experiment, during rapid substrate removal and at the point of maximal solids production. These data showed that cell composition is greatly affected by operational conditions. However, there was no direct correlation between either protein or carbohydrate content and the COD of the cells. Protein varied from 12 to 63 % of the cell dry weight, and the protein-COD ratios for cell samples varied from 0.10 to 0.42. Carbohydrate content of the cells varied from 7 to 34 % of the cell dry weight, and carbohydrate-COD ratios varied from 0.05 to 0.35. Thus, although cell COD is variable, the effect upon cell COD of operational conditions which tend to foster high protein or carbohydrate contents cannot be predicted.
Comparison of substrate recoveries by use of various methods of computation. Table 4 shows materials and energy balances calculated by each of the methods described above. Sample calculations for the 5-hr samples are shown below. In Table 4 , data obtained in an experiment using cells of intermediate age with glucose as carbon source were used for the balance calculations. For a second experiment for which balance calculations were made, cells were taken from an activated sludge unit which had been in continuous operation (24-hr batch feeding cycle) for more than 3 months. These cells were therefore designated as "old" cells. The carbon source for this unit and for the balance experiment was also glucose. Each of these experiments was carried out according to the experimental protocol described above, and samples were removed at the indicated times after addition of substrate.
From Table 4 it is seen that recoveries calculated by method IV (an energy balance based on experimentally determined COD of the cells) were in general closer to 100 % than recoveries calculated for the same experiment by any of the other three methods. For the experiment 258 From the results herein presented, it is concluded that an energy balance based on determinations of the COD of the culture filtrate, the COD of the cells produced, and the oxygen utilized by the cells can be recommended for use in waste treatment research. With two sets of data, balances were calculated by four different methods; the recommended method yielded better average recoveries than any of the others. The proposed balance technique would further appear to have a much sounder technical basis than the other methods, since it does not require the use of an empirical formula or average carbon content for activated sludge nor does it require that the chemical components of the waste be known. Thus, the recommended procedure is more widely applicable, since it may be employed with equal facility in studies on whole wastes or on synthetic wastes with known composition. If the composition of the waste is known, method I may be preferable in some cases since it yields adequate recovery data, and the analyses required are much less timeconsuming than for method IV.
In using cell COD to calculate an energy balance, it is not recommended that an average value for cell COD be employed to convert sludge weight to an equivalent COD. Whereas in some experiments the COD of the cells remained quite constant throughout the experimental period, in other experiments the COD of the cells varied over a broad range. In the latter cases, a considerable error would have been introduced by use of an average COD value even though the average might have been experimentally determined for that particular sludge. Use of a general overall average COD value for cells might introduce even greater error. Our data indicate the possibility that both cell age and the particular substrate used may affect the COD of the cells, although not enough data are available to allow definite conclusions to be made in this respect.
The most valid objection to the use of the proposed method of determining substrate balances lies in the difficulty of demonstrating complete oxidation of cell material by the COD method. It is not possible to state that 100% oxidation of cellular material was achieved; however, the standard COD test does apparently oxidize all the cell material which acid dichromate is capable of oxidizing, since increasing the reflux time to as long as 24 hr resulted in no further oxidaflon of the cells. COD values obtained with replicate samples of different amounts of cells were also highly reproducible.
Further support for the use of the COD test for activated sludges is provided by the recent report of Goldstein and Lokatz (1963) that the COD value of activated sludge provides a fairly accurate measure of its heat of combustion. According to their measurements, a value of 10 g per liter of COD corresponds to a heat of combustion of 500 BTU per gallon. Although this correlation does not provide absolute assurance that all organic matter in the cells is totally oxidized, it does provide evidence that a constant proportion of the organic matter in activated sludge is oxidized in the standard COD test. The fact that in our studies recoveries close to 100 % wer& obtained with this measurement indicates that the proportion oxidized must be relatively high. Therefore, we believe that the standard COD test can be usefully emiployed in estimating the adequacy of data obtained in substrate partition experiments.
